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ABSTRACT

Although generally successful, biclogical wastewater treatment
processes are very costly, have limited efficiency, are susceptible to
upset, and posse;:s a limited ability to remove algal nutrients. Chemical,
rather than biological, processes can overcome many of these problems,
but little guidance is available in the literature for the engineer to
design these systems,

Raw wastewater was treated with alum or lime in jar test floccu-
lation eXperimen£s to determine the optimum chemical doses and pH
values to remove phosphorus, suspended solids, turbidity, and total
organic carbon. Flocculation and sedimentation effects were studied
in a column in which the mixing intensity could be controlled and
measured,

Alum and lime produced comparable results, but effects due to
alum pH-dose interactions allowed only a small region of optimum
results indicating that careful pH control would be required. Lime
coagulation was equally effective, and pH values would not need to be
as precise. However, an unusually high pH was required with lime
due to the 10\;&* alkalinity of the local water supply.

It had been anticipated that the level of mixing intensity during
flocculation would have a significant effect on process performance,
but very little effect was observed provided that the mixing intensity

was great enough to prevent deposition of solids,



Design curves and testing methodologies were presented which
will enable the engineer to select optimum coagulant dose, pH,
flocculation intensity, and sedimentation time for chemically assisted

clarification processes,
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CHAPTER I

INTRODUCTION
Problem Background

The purpose of wastewater treatment is to remove pollutants from
wastewaters so that discharge of the treated effluent will not degrade
the receiving body of water. Traditionally the pollutants of greatest
concern have been those exerting an oxygen demand and the method of
removal has been the biological treatment process. Although biclogical
treatment processes have in the past generally been considered success-
ful, their weaknesses are apparent: high cost, limited efficiency,
susceptability to upset, and limited ability to remove the algal nutrients
nitrogen and phosphorus (1, 2), As society demands greater environmental
protection and becomes increasingly aware of the enormous cost of waste
treatment, the future seems assured for a chemical waste treatment
process which has the promise of easy control, high efficiency, and
relative economy.

Among the chemical processes which can be applied to the treat-
. ment of wastewaters is coagulation using either inorganic minerals or
long chain organic polymers. Application of coagulants to the treatment
of sewage is not limited to new installations,but may be used to upgrade
existing primary treatment processes and biological secondary treatment
plants, As an aid to primary treatment, proper application of coagulants
may achieve aﬁ effluent quality approaching that of secondary treatment
and remove significant quantities of phosphorus. Existing biological

treatment processes may be upgraded by use of coagulants to remove



phosphorus and to improve removal of oxygen-demanding materials and

suspended solids.
Historical Development

In 1944 Sawyer (3) called for the femoval of fertilizing elements
from sewage treatment plant effluents and reported results of studies on
chemical treatment of sewages with ferric chloride to remove phosphorus.
Rudolfs (4} demonstrated in 1947 that sewage phosphates are readily
precipitated by lime. Owen (5) in 1953 found in jar tests that the
phosphorus level of a trickling filter effluent could be reduced to about
0.25 mg/) by raising the pH to 10.75 with lime followed by settling for
one hour,

Lea, et al, (6) reported in 1954 concerning studies at laboratory
and pilot plant scale on phosphorus removal from sewage treatment plant
effluents using ferrous sulfate, ferric sulfate, cupric sulfate, diatomaceous
earth, and aluminum sulfate. He concluded that aluminum sulfate {alum)
was the most effective coagulant because it yielded low residual phosphorus
concentrations, about 0.07 mg/l or 99% removal. In jar tests he found

that the optimum dose was 185 mg/1 (as A1,(SO,),- 14H,0) and the

4l3
optimum pH was in the range 7.1 to 7,7. When pH values either above
~or below this range were used alum coagulation was unsuccessful, Alum
treatment als';o removed 87% of the BOD in the sewage treatment plant
effluent and 62% of the total organic nitrogen. However, no ammonia,
nitrate, or nitrite nitrogen was removed.

Additionally, these investigators studied the relation of floccula-

tion time to phosphorus removal and found that the maximum removal




occurred between 10 and 15 minutes.

In contrast to Lea's work, Malhotra et al, (7) in 1964, using
filtered activated sludge sewage treatment plant effluent, concluded that
line was a more suitable chemical for phosphorus precipitation than
alum based on performance and cost. They also concluded that when
using alum the optimum pH was 5.75 + 0.25, The percentage removal
of total phosphorus decreased as the initial phosphorus concentration in
the sample increased. However, when using lime a dose of 450 mg/1 as
CaQat a pH of 11.0 removed 90 percent of the total phosphorus and the
percent removal was independent of the initial phosphorus concentration.
A major disadvantage of using lime was considered to be the high pH of
the treated water,

When the above research showed that phosphorus removal could be
accomplished fairly easily and inexpensively, and as the need for
phosphorus removal from sewage became apparent {8) many other
investigators worked with laboratory studies, pilot studies, and full
scale treatment plants to demonstrate the effectiveness of lime, alum,
and iron salts.

The results of these numerous investigations using lime and alum
as coagulants to treat both raw sewage and sewage treatment plant
effluents are incorporated in Tables |1 and 2, On the basis of these
studies and other reports, the following general conC1usions can be made:

1. Lime and alum under proper dose and pH conditions achieve
essentially the same removal efficiency at approximately the same cost

(9, 12, 14, 15, 17, 18, 19, 20, 21).



TABLE l.-Tertiary Treatment

Design OR Alkalinity
Chemical Reference Scale Methods | gpd/ft® as CaCO3 Dose mg/1 - pH
Lime 9 Pilot 1500 100-150 340 11.8
(CaO) 0.1 MGD 900 100-150 290 11,5
: +6-12 mg/1 11, 4
1060 160-150 3+
Fe
260
+0. 16 mg/l
anionic
polymer
1500 100-150 275 11,6
Lime 10 7.5 MGD Jar Tests 395-600 226 300 10.9
Alum 6 Batch Jar Tests - 200 7.1.7.7
Pilot Batch & 200 7.1.7.7
10 gpm Jar Tests
Alum 7 Batch —-- 250 6.0
Lime Batch - 400 11,0
300 106.0
Alum 1 Pilot Jar Tests 950- 89*
310 gpm 1035 130%
655 -
835 sk
Lime 966 27077 11.0
Lime 11 Pilot 720 128 34
100 gpm +25 mg/1Fe
Lime 12 Pilot 1440 9.5
75 gpm




TABLE l.-Tertiary Treatment {(Continued)

P S5 O, Demand
%o %
Chemical Init, Final Rem.| Init, Final | Rem. | Init Final Rgom. Remarks
Lime --- 1.0 87 —-- 19.5 45% O, Demand is TOC
(Ca0) ' *two stage treatment
.- 0,55 93 - 14,1 64"
-— 0.54 91 - 15.7 557
- 0,49 93 - 13.9 57 Single Stage
Lime B.4 1.3 85 22 37 +68 40, 1'7_.2 58 Oz Demand is COD
Alum - - B7 02 Demand is BOD
5.9 0.8 86 36 11.7 67.5
Alum - - 94 -—- ——-- 55 STP effluent filtered
prior to flocculation
02 Demand is COD
Lime -— -——— 90
S - 10
Alum 0.1 2.9 71 72 38 47 24 5 79 07 Demand is BOD
1.1 1.6 86 94 20 79 30 11 63 *Activated Silica at
9.5% of Alum.
Lime 9.1 0.5 95 BO 19 76 62 17 73 w#Activated Silica at
2 mg/l
Lime 6. 5% 0,43 93,5 *Soluble P
Lime <1.,0 Turbidity <0.5 JTU




TABLE 2--Raw Sewage Treatment

Design OR 2 Alkalinity
Chemical Reference Scale Methods |gpd/ft as CaCOs Dose pH
Lime 13 Batch Dose re- —r- 100 it
(CaQ) quired to
raise pH
to 11
Batch -~ 250 11
Lime 14 Batch Dose re- | --- 222 8.5
quired to 222 9.5
various 222 10.3
pH 222 11.0
values
Lime 15 Batch Jar Tegts| --~- 230 110 9,5
Lime 16 STP Jar Tests 120 83 10.1
1.5 MGD
FeC13 17 Pilot Jar Tests 170 6-7

5 gpm




TABLE 2--Raw

Sewage Treatment (Continued)

55 C2 Demand
% %o %
Chemical Init, Rem, Init, Final Rem. Init. Final { Rem, | Remarks
Lime 3.7 g0 100 44 56 02 Demand is BOD
(Ca0)
11.5 84 237 69 71
Lime 9.3 46 355 340 4 Oz Demand is COD
9.3 60 355 235 34 P and O Demand on
Settled Sewage
9.3 76 355 210 41 "Tests' indicated
OR = 2000 gpd/ft2
9.3 81 355 200 44
Lime 13 88 - - 90 .- -- 60 Oy Demand is BOD
Lime --- 40 - - 45 - -— 4] O, Demand is COD
Lime in Primary,
then AS
FeC13 9.8 92 50 15 70 Primary Effluent
02 Demand is BOD




2. The most likely applications for either lime or alum
coagulation processes would be as an aid to primary treatment prior to
a biological process (13,. 15, 16, 17), as a tertiary treatment process
to remove phosphorus and residual suspended solids from biological
plant effluents (1, 7, 10, 22, 23, 24) or as a first step in a physical-
chemical waste treatment process also utilizing activated carbon for
removal of dissolved organics {9).

3, Lime precipitation is most efficient at pH values greater than
11. However, if the 'precipitation process is to be followed by a |
bioclogical treatment process, a pH of about 9.5 is the maximum which
can be tolerated without overtaxing the buffering capacity of the biological
system (15, 16),

4. Regeneration of the coagulant is an economic necessity,
Recovery of CaQ from lime precipitation sludge haé been demonstrated
(10, 25), and, although recovery of alum sludge is more difficult and is
unproven in field scale tests, alum sludge can probably also be re-
cover;d (26, 27).

5. Methods of conducting tests for the design of chemically
assisted waste {reatment processes have not been standardized and

many fundamental design criteria are not available in the literature.

Research Scope

The purpose of this research was to develop engineering data to
allow the rational design of facilities to remove pollutants from raw
domestic wastewater by chemical coagulation and sedimentation., The

chemicals investigated were aluminum sulfate (alum) and calcium



oxide (lime) because these are the coagulants most common in sewage
treatment and also represent two general classes of coagulants.
Specifically, the purpose of this research was to determine the relation-
ship between £he effectiveness of chemical addition and important
operational parameters; these parameters are coagulant dose, pH
during coagulation, duration and intensity of flocculation,and duration of
sedimentation.

Although chemical coagulation systems are often designed to remove
phosphorus from wastewaters, it is evident from the literature that other
pollutants can also be reduced significantly, Therefore, the objective of
this research was a careful documentation of the relationships existing
between the coagulation and flocculation parameters cited above and the
degree of pollutant removal from domestic wastewaters. The pollutants
selected for study were turbidity, suspended solids, total organic

carbon, and total phosphorus,
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CHAPTER 1II

THEORETICAL CONSIDERATIONS
Status of Chemical Clarification Design Procedures

Effective-design of wastewater treatment systems requires
knowledge of both the theoretical and practical principles involved, When
given the problefn to treat a municipal wastewater in a coagulation/sedi-
mentation process, the engineer has man;r decisions to make. Among
the varia.ble_s which must be evaluated in light of the particular problem
are:

. the choice of coagulant

. pH value during coapgulation

. duration of rapid mixing

. intensity and duration of flocculation, and

. optimum sedimentation time for floc removal

Many investigators have approached these considerations from a
purely theoretical viewpoint or in laboratory studies using waters
containing specially prepared suspensions, Among the major contri-
butors are Dr. Thomas Camp (Camp, Dresser, and McKee, Boston, Mass.)
on flocculation and sedimentation, and Dr, Werner Stumm (Harvard
University, Cambridge, Mass,) on phosphorus aquo-chemistry and
coagulation chemistry. While a comprehension of these underlying
principles is essential to a complete understanding of the cbagula.tion/
sedimentatioﬁ process, the engineer also requires design oriented data
which will allow proéer selection of parameters for a particular waste-

water treatment plant. Few investigators have presented data on
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coagulation processes which may be used directly by practicing
engineers,

There are lirited instances in the literature which show in any
detail how selection of design parameters was accomplished. At the
Lake Tahoe tertiary treatment plant (10}jar test data was used to
determine the optimum lime dose for phosphorus removal and turbidity
reduction, The pH which could be expected at that dose was also
determined by the jar tests., Apparently no attempt was made to optimize
removal efficiencies by varying the rapid mix conditions, flocculation
speed or duration, or the sedimentation time,

In a similar case, design studiesvfor an Environmental Protection
Agency pilot plant to treat secondary effluent with lime at the Washington,
D.C. Blue Plains plant (9) do not appear to have been guided by more
than simple jar tests relating pollutant removal to lime dose. Design of
a full scale lime addition to raw domestic wastewater treatment plant at
Rochester, New York, was also based on limited jar test results (2).

The expeﬁse and time which would be required to conduct more
extensive prelinﬁnary investigations prior to design of waste treatment
facijities would be relatively small compared to the very large cost of
the entire design/construction project. In addition, a better understanding
of the principle variables should result in 2 superior design. Thus, the
purpose of this research, in addition to investigating the relationships
between coagulation conditions and pollutant removal, was to develop
procedures and design guidance for the practicing engineer. It was
hoped then that better designs can be produced either by using the data

developed by this research, or by utilizing the laboratory techniques
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proposed in the study,

Phosphorus Aquo-Chemistry

Domestic wastewaters normally contain about 6 to 10 mg/1 of
phosphorus (as P). The largest single contributor is detergent phosphates
\ﬁhich may account for from about fifty percent to as much as seventy
percent of the total phosphorus. The remainder is phosphorus from
human wastes and industrial processes.

Jenkins, et al, (24) has thoroughly reviewed the chemistry of
phosphorus in water and the reactions of phosphorus species with metals
such as those used as coagﬁlants. In sewage and other natural waters
phosphorus exists in the pentavalent state tetrahedrally coordinated with
oxygen atoms or hydroxyl groups. Phosphates occur as orthophosphoric
acid, as condensed phosphates in which two or more ‘phosphorus atoms
are joined by P-O-P bonds, or as organic phosphates in which P-O-C
linkages are present., Each of these three forms may exist in solution
or associated with particulate matter.

The anions of phosphoric acid and the most common condensed
phosphates readily dissociate and behave as typical polyprotic acids,
Based on a consideration of equilibrium constants and typical concen-
trations occuring in raw domestic wastewater, at pH 7.5 the predominant
species are HZPC‘ s HPOE",- HP3O‘:8, and HPZO-;)— . All these form
dissolved ion pair complexes with metal ions. The concentration of
dissolved phosphorus during precipitation will depend on chemical
factors such as wastewater composition; the identity, stability, and

growth kinetics of the precipitates; and on such physical parameters as
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temperature, flocculation rate and sedimentation efficiency. The
chemical factors which affect phosphate coagulation with aluminum and
calcium salts will be discussed in the next section., Flocculation and
sedimentation will be discussed later in this chapter.

The salts of aluminum and calcium readily react with the phosphorus
found in sewage. Aluminum salts are very easily hydrolyzed and their
solutions show pH values similar to those of equimolar acetic acid
solutions (28). The positive aluminum ion may be converted stepwise

to the negative aluminate ion:

34 2-
AIZ(SO4)3—_-*2A1 + 3804
NS H,0 atou?t +g*
OH- in -
+
Al0H? - Al(CH),

several steps

It has also been suggested that A16(OH)T; or.' A18(OH);S is the most
likely structure. In general, the chemistry of aluminum in water is not
well under stood, but it is known that the aluminum ion coordinates with
water molecules and hydroxyl radicals and tends to form large polymeric
molecules.

The solubility of phosphate in equilibrium with a solution containing
excess Al(OH)3 has been calculated irom equilibrium data and is shown
in Figure 1, This figure provides a good approximation of phosphate
residuals because aluminumphosphate precipitation is thermodynamically

and kinetically favored over aluminum hydroxide precipitation. Experimental
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results found by other researchers (24) and verified during this research
show that the pH associated with the minimum residual phosphorus con-
centration is close to the thermodynamically prediéted value of 6.0,

The interactions of condensed phosphates and aluminum have not
been studied widely, but it is probable that adsorption as well as pre-
cipitation is an important removal mechanism in a mixture of ortho-
and condensed phosphates.

The presence of other common wastewater components has little
direct effect on aluminum phosphate precipitation. Noting the strongly
acidic effect on the aluminum ion in water, the buffering ability of
bicarbonates will affect the final pH of the alum/wastewater mixture and
thus affect the pH control system for the coagulation process.

. The a&dition of hydrated, or slaked, lime (Ca(OH)Z) to sewage
serves both to raise the pH and to increase the calcium ion concentration.
Thermodynamic calculations (24) show in Figure 1 that in the system
ca’t _ POi" - Cog_ _H' - H,O solubility decreases with increasing
pH and that the precipitation of calcium carbonate competes with calcium
phosphate (hydroxylapatite) precipitation between pH 9 and 10.5, but
that hydroxylapatite precipitation by itself is responsible for the pre-
dicted low phosphate residuals between pH 7.5 and 8.5 and above 10.5.

While thermodynamic calculations of calcium phosphate and calcium
carbonate precipitation from typical wastewater solution indicate that
very low phosphcrus residuals are possible ( ~0,05 mg/l at pH 11.5),
it is known that the precipitation of calcium phosphate is strongly

influenced by both the kinetics of nucleation and crystal growth and by

the chemical composition of the medium. Among the ions known to
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influence the composition and solubility of precipitated calcium phosphate
are H+, HCO,, Mg2+, a.nd;.Fu. The net effect is to increase phosphate
solubility at pH values below 9, but to decrease the solubility at higher
pH values. At pH values above about 10,5 magnesium hydroxide is pre-
cipitated and the floc acts as an effective é.gent for increasing the
settleability of suspended calcium phosphate particles. Alkalinity, and
in general, the level of hardness, has a direct effect on coagulation/pre-
cipation chemistry since pH affects the chemistry of calcium carbonate

precipitate, phosphorus precipitates, and magnesiura hydroxide precipitate,

Wastewater Coagulation

The water and wastewater treatment process used to remove
colloidal materials by addition of chemicals followed by a period of gentle
mixing has been discussed in engineering literature using the terms
"flocculation'' and '"coagulation’, There is not at the present time
complete agreement concerning the definitions of these terms. Following
the terminology used by Weber (29), in this discussion coagulation will
refer to the overall process of particle aggregation incliuding both particle
destabilization and particle transport, The term flocculation will refer
to only the transport step.- |

Colloids may be considered to be that particulate matter which
cannot be removed from suspension by gravitational settling within a
practical period of time. Although most colleidal dispersions of concern
in water and wastewater treatment are thermodynamically unstable, the
rate of aggregation is slow and thus the coagulation process if used to

increase the rate of aggregation.
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When two similarly charged colloidal particles approach each
other their diffuse layers begin to interact which always results in a
repulsion force., In addition, all colloidal particles exert attractive
forces for other particles. These forces are termed van der Waal's
forces.and can be pictured as the attraction which a positive nucleus
has for electrons beyond its own radius, Their magnitude depends on
the kinds of atoms in the colloid and the density of the particles. These
forces decrease very rapidly as the distance separating the particles
increases.

The net effect of charge and van der Wal's forces on colloid
stability may be determined by summing the repulsive and attractive
forces, This net interactive energy is shown in Figure 3 and may be
considered as an activation energy which must be overcome for
aggregation to occur. Its magnitude depends on the particle charge and
on the ionic composition of the solution, At high ionic strength the
energy barrier can be suppressed to such an extent that it disappears.

The particles in a colloidal dispersion are in constant motion and
thus possess kinetic energy. The rate of coagulation is dependent on
the magnitude of the energyzbarrier and the kinetic energy of the
colloidal particles, Colloidal systems which have high activation
energies and/or low kinetic energy will coagulate slowly compared to
systems of low activation energy and/or high kinetic energy.

Colloid destabilization may be produced by four different
mechanisms depending on the coagulant and the manner in which it is

used.
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Colloids owe their stability to charge and solvation effects of which
charge effects are probably more important and at least are better under-
stood, Stumm and Morgan (28) and Weber {29} have discussed the source
of the surface charge and the conceptual model for colloid stability.

At pH values greater than about 3 the organic pollutants found in
sewage possess a negative surface charge. This charge may be due to
chemical reactions at the surface, lattice imperfections in the surface, or
by ion adsorption., Because a colloidal dispersion does not have a net
electrical charge, the primary charge on the particles must be counter-
balanced in the aquous phase. As a result, an electrical double layer
exists at every interface between a solid and water. This double layer
consists of the charged particle and an equivalent excess of ions of
opposite charge (counter-ions) which accumulate in the water near the
surface of the particle. These counter-ions are attracted electro-
statically to the region of the particle-water interface, The attraction
results in a concentration gradient so that random thermal agitation can
cause these ions to diffuse away form the particle surface and into the
bulk solution where their concentration is lower. The result of these
competing procesgses is a diffuse layer charge within which the concen-
tration of counter-ions isg gfeate-st near the particle and decreases with
increasing distance form the particle as shown in Figure 2.

Due to the presence of the primary charge an electrostatic potential
exists between the surface of the particle and the bulk solution, The rate
of decrease of this potehtial with increasing distance is affected by the
number and type of ions in the bulk solution. At high ionic strength

the potential decreases to zero in a short distance,
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Double-layer compression. The only significant interactions are

electrostatic in which ions of a similar charge to the primary colloid
charge are repelled and counter-ions are attracted. The familiar
Schulze~Hardy rule, which states that destabilization is brought about by
ions of opposite charge and coagulation effectiveness increases markedly
with charge, applies to this mode of coagulation. High ionic concentrations
in the bulk liquid cause high counter-ions concentrations in the diffuse
layer reducing its thickness. The activation energy barrier is reduced
and may even disappear as shown in Figure.3. A mathematical treat-
ment known as the VODL theory has been developed for this method of
colloid destabilization. Weber (29) has pointed out that although this
treatment describes simple electrostatic phenomena, systems of interest
in water and wastewater treatment are not of thig type since coagulants
undergo many interactions in water solution and do not behave as simple
ions. It is other destabilization mechanisms which are important in
wastewater treatment.

Adsorption and charge neutralization. Coagulants of this type are

typified by A1(III) and Fe(Ill) salts, As previously discussed, these
metal ions in water do not exist ag simple ions. When the solubility
limit of the metal_hydroxide. is exceeded a series of‘hydrolytic reactions
occur proceeding from simple complexes to the formation of a metal
hydroxidé precipitate. These hydroxo-metal complexes are readily
adsorbed at interfaces. Conventional coagulation processes use
quantities of AI(III) and Fe(lll) which exceed the solubility of their metal
hydroxides. It is presently thought that destabilization is brought about

by metal polymers which are kinetic intermediates in the eventual
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precipitation of a metal hydroxide precipitate.

In the pH range below the isoelectric point of the metal hydroxide
positively charged polymers will prevail., Adsorption or these polymers
can destabilize negatively charged colloids by charge neutralization, As
may be expected from a consideration of the model presented, it is
possible to overdose a colloidal suspension with metal ions causing
restabilization with the colloids acquiring the opposite charge.

Aluminum salts can act as a coagulant in two ways. First, at low
dosages destabilization occurs by adsorption. This method is character- .
ized by long reaction times when colloid concentration is low. Thus,
improvement in terms of coagulation time may bhe brought about by
artificially introducing additional turbidity in the form of bentonitic clay
or activated silica. Alternatively, higher AI(III) doses may be used as
discussed below to cause entrapment in a ""sweep floc' produced by the
voluminous aluminum hydroxide precipitate. The required dose tends
to decrease as the colloid concentration increases.

In considering the chemical aspects of colloid destabilization in
sewage using AI(III) and Fe(IIl) salts, the principle factors are the
coagulant dose and the pH. Since both act as fairly strong acids and
the system is sensitive to pH level, pH control of the treatment process
and the natural buffering capacity of the sewage are important design
considerations. In sewage treatment an additional factor is that AI(III)
will react first with the soluble phosphate, causing an '"alum demand",
and then act as a coagulant, As an example, the quantity of alum,

Al,(SO 18H,0, required to precipitate five mg/1 phosphorus would

4)3

be 55 mg/1. Only after phosphorus precipitation occurs will colloid



destabilization take place.

Enmeshment in a precipitate. When high doses of alum, ferric

chloride, or lime are added to colloidal suspensions the following

reactions take place:

. 3+ 2
A1,(SO, ), — 24177 + 350

a1>* 4 30H™——— AI(OH), ¥

or

3+

FeC13 ————+ Fe + 3C1

Fe ' + 30H™ ——e Fe(OH)3¥

or

- Ca2t 4 208"

Ca(OH)Z

2+

calt & Cozﬁ-—-—-—-CaCOB*

Additionally, when magnesium is present and the pH is greater than
about 10,

Mgt + 200 — Mg(OH)zl

The solubility product constants for these reactions are (30):

Precipitate KSE
Al(OH), 3.7 x 10722
Fe(OH)3 1.1 x 10_36
CaCoO, 8.7 x 1077

11

Mg(OH), 1.2 x 10~

22
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In each case the solubility of the precipitate is very low so that
under equilibrium conditions very little of the ionic species will be
present. The precipitation of aluminum hydroxide is increased by the
presence of sulfate ions when the pH of the solution is in the neutral or
acid region.

Finally, because the colloidal particles serve as nuclei for pre-
cipitate formation, the rate of formation increases with increasing
colloid concentration causing an inverse relationship between the optimum
coagulant do;e and the colloid concentration.

Adsorption and interparticle bridging. This category includes

synthetic organic polymers which are described ‘by the model developed
by LaMer. That model states that the polymer molecule contains
chemical groups which interact with sites on the surface of the colloidal
particle. Some of the sites on the polymer molecule adsorb onto a
colloidal particle surface with the remainder extending into the bulk
solution. A second colloidal particle may attach to'the extended polymer
molecule forming a particle-polymer-particle bridge.

Treatment of wastewater with alum will result in destabilization of
colloids by adsorption of aluminum species and by enmeshment in the
aluminum hydroxide floc, Lime coagulation occurs through precipitation
of calcium carbonate. If magnesium is present and the pH is sufficiently
high, lime coagulation will be assisted by precipitation of magnesium
hydroxide,

Wastewater Flocculation

The addition of metal salt coagulants to sewage will cause phos-

phorus to be precipitated. That precipitate forms a colloidal suspension
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which may remain suspended, along with sewage colloids, if additional
coagulant were not present to cause colloid destabilization. Destabilization
will allow the colloids to agglomerate provided that interparticle contacts
can be induced. One type of particle motion is naturally occurring
Brownian motion (perikinetic flocculation). However, the energy
available, and therefore the rate of interparticle contact, is small and
so the rate of agglomeration is very slow. In practice, mechanical
energy is added to the system to produce velocity gradients within the
fluid which drive the particles together (orthokinetic flocculation).

The energy dissipated in a moving or stirred liquid is by shear
within the liquid which results in the evolution of heat (31). The

instantaneous shearing stress at a point is given by

T onge (1)

where g—: is the absolute velocity gradient at the point and the constant

P is the absolute viscosity of the liquid. The root-mean-square velocity

gradient is

G =J¥ | | (2)

where W is the energy dissipated per unit volume and has been termed
the dissipation function by Stokes. The value of w depends on the
geometry of the rotors, stators (if any) and container, and on the speed ‘
of the rotors, | |

It has been shown by Camp and Stein {(32) that the rate of particle

agglomeration caused by motion of a fluid is directly proportional to the
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absolute veloéity gradient. They also demonstrated that the absolute
velocity gradient is equal to the square root of the ratio of the power
loss by shear per unit volume of the fluid to the viscosity of the fluid,
Although the velocity gradient at a point may vary considérably with
time, under steady conditions of work input there is a mean velocity
gradient that corresponds with the mean value of the rate of power
dissipation throughout the tank and thus the mean rate of particle

agglomeration. The following expression describes this relationship:

1/2
- P
G = [WJ (3)

Where G root-mean-square velocity gradient

P = power input to the fluid

volume of the flocculator

<
1

p = absolute viscosity of the fluid

Camp (33) has noted that although the rate of floc formation is
directly proportional to the velocity gradient, it does not follow that G
raay be increased to any level with resulting better pollutant removal.
As the velocity gradient becormes greater the shearing forces increase
and, since the larger the floc particle is the weaker it is, it will be
more easily sheared apart. Thus, an equilibrium floc size exists
within a system for each G value. To form small floc a large velocity
gradient would be used and vice versa,

Following colloid destabilization, removal of wastewater particulates

will involve flocculation and sedimentation, It is apparent that some
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optimum value of G should exist which will produce the best result for
a given suspension. At G values lower than optimum large rapidly
settling agglomerates will be produced, but these low velocity gradients
may not drive the particles together within a reasonable period of time.
Also as the agglomerate grows it should remain suspended so that it
can impact with other particles too small to settle out by themselves.
Low G values may allow premature settling of flcc. On the other hand,
G values greater than the optimum will rapidly produce its equilibrium
floc size, but the floc will be too small to rapidly settle out. The
loptimum design, then, will clonsider both the removal efficiency of

the process and time required to accomplish the treatment. Common
flocculation times are in the order of 5 to 15 minutes and sedimentation
times 1 to 2 hours, so, for a given flow rate, factors which will
minimize sedimentation tank size rather than flocculator size will have
the major effect on the capital cost of a treatment plant,

In the study of flocculation it is important to be able to accurately
determine the mixing intensity which is often expressed by the mean
velocity gradient, G. In principle, it should be possible to determine
G from tank dimensions, mixing paddle area, and paddle velocity. The
power consumed during mixing would be exprés sed as the product of

the drag force on the paddles multiplied by the paddle velocity, or

v (4)

i

where FD paddle drag force

<
H

paddle velocity
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The drag force is

- v
Fy= Chap 7 (5)
where CD = a drag coefficient
A = paddle area
p = fluid density
v = paddle velocity
g = gravitational constant
Thus,
. v
P = CDA o] E (6)
and, from Eq. (3)
1/2
CDApV3]
“F [ Teve ™

The velocity, v, in this expression must be the actual paddle to water
velocity rather than the absolute paddle velocity, Following an initial
period of start-up the water will be moving in the same direction as
the paddles, but at a somewhat lower velocity. Since it is not possible
to directly observe the paddle-to-water velocity it is necessary to

define a steady state proportionality constant, k

,‘_
1
o<

(8)
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where v = actual paddle to water velocity
a = observed paddle velocity
k = ratio of actual to observed velocities

and for a rotating shaft with paddle arms

a = rw (9)

where r = length of paddle arm

£
]

angular velocity of column shaft

and w =27s : (10)

where s = rotational velocity of shaft in revolutions per second

The result is an expression for the mean velocity gradient in terms of

the observed shafi rotational velocity,

1/2
333
4CApk rr } 372
LVg

G = (11)
The principal difficulty in the application of Eq. (11) is in

estimating a value for k, Although it has been assumed to be a

constant, k will probably depend on factors such as paddle velocity

and tank geometry, and an accurate estimate will be very difficult,

Eq. (11) has value in establishing the form of the relationship between

shaft rotational velocity and G, but is inadequate when G must be

precisely determined,
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An approach often adopted for determining G has been to indirectly
measure the energy consumed during mixing by measuring the torque
on the mixing shaft (31, 34}, In this case Eq, (3) may be expressed as:

1/2
G = H‘;’—,J (12)

where T = net shaft torque after allowances for. losses such as
friction in bearings
Commercial torquemeters are available to make the necessary measure-
ments,

Another approach which may be adopted is to measure the power
consumed during mixing by measuring the amperage and voltage during
operation of the mixing motor. This method has the advantages of
simplicity and inexpensive equipment requirements. However, in
addition to power expended during actual mixing, other losses in the
motor, gear reducer, and shaft bearings will also be measured. If
these losses are large compared to the mixing power consumption, it
may be difficult to distinguish between the two, particularly at low mixing

intensities,
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CHAPTER 1III

JAR TEST EXPERIMENTS

Purpose

The overall purpose of this study was to investigate flocculation and
clarification design parameters as applied to the chemically assisted
primary sedimentation process. A major concern was an examination
of the factors which control the removal of the algal nutrient phosphorus.
From a consideration of effectiveness and economy, lime and alum are
the most attractive coagulation chemicals in use today and were therefore
selected for use in this sfudy. Additionally, the colloid/coagulant inter-
action mechanisms of these two chemicals are different and represent
two general classes of coagulants., The specific research goal during
the jar test phase was to determine the effect of interactions between
coagulant dose and pH during coagulation using a normal jar test
procedure.

Experimental Methods and Materials

Design of coagulation systems requires evaluation of many process
variables. Because of wide, complex variations in wastewater quality
design of coagulation systems is usually accomplished through laboratory
experiments which are then scaled up to plant size designs. The
laboratory technique generally used is the jar test in which samples of
the wastewater are batch treated to determine the optimum coagulant
dose and pH. A major criticism of the jar test is that full-scale,
flow-through systems are not adequately modelled by the small, batch

jar test procedure. Because of the great difference in size the two are
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never geometrically similar so that the laboratory results may not be
directly transferable to the field coagulation system,

The most common method for conducting jar test experiments -
has been to vary one parameter while holding the others constant,
For example, first the pH may be varied at constant dose by addition
of acid or base. The optimum pH will be that one giving the greatest
removal of pollutants, With that optimum pH, the dose would then be
varied to establish that optimum value. This approach assumes that
each of the variables acts independently and that the rese‘archer has
adequate control of the experimental conditions so that changes in one
variable will not inadvertently affect others. In many cases neither of
these assumptions is valid. TeKippe and Ham (35) have found during
coagulation of water with alum that the alum concentration and pH
interact profoundly requiring both to be considered as independent
variables, Also, because many coagulants behave as strong acids or
bases and coagulation efficiency is often very sensitive to pH, it is very
difficult to maintain sufficiently constant pH conditions while adding
varying amounts of the coagulant, |

An effective method of overcoming both of these problems is to
present the data in two dimensional contour graphs as suggested by
TeKippe and Ham {35) with the two independent variables as the axes and
percent removal of the pollutant plotted on the graph. In this way when
strong interactions exist between the variables this interaction can be
shown by treating both variables as independent variables. In addition,
exact pH control is not required since pH will be one of the independent

variables. Examples of this procedure are presented later.
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Prior to investigation of the coagulant dose/pH interaction by jar
testing it Was necessary to determine the conditions under which the jar
tests would Be conducted, i.e. intensity and duration of the rapid mix
and slow mix steps and the duration of sedimentation. From a review
of jar test procedures found in the literature and presented in Table 3,
it was apparent that many combinations of these variables have been used.
Based on these published values and preliminary tests, jar tests were

conducted under the following conditions:

Lime Alum

Sample Size 1 liter ' 1 liter
Rapid Mix

Intensity 100 rpm 100 rpm

Duyration 2 min. 0.5 min.
Slow Mix

Intensity 20 rpm 20 rpm

Duration 15 min, 15 min,
Sedimentation

Duration 10 min, 10 min.

It may be noted that the only difference between lime and alum tests is
the additional time required in the rapid mix step of lime tests. This is
to allow the lime slurry time to dissolve. In contrast, alum solufions
only need to be thoroughly mixed with the wastewater since alum is very
soluble in water and can be added in concentrated solulion form,

Sewage for both jar tests and the later column studies was obtained

from the Amherst, Massachusetts, sewage treatment plant which serves



Table 3. Summary of Jar Test Procedures

Rapid Mix Slow Mix
Sample
Size _ Settling
Chemical . Reference {liter) Speed Duration Speed Duration Duration
Lime 36 1.0 100 rpm 1 min, 30 rpm 15 min. 30 min,
Alum 7 2.0 200 rpm 1.5 min. 20 rpm 12 min, 30 min,
Alum 37 0.8 228 rpm 1 min, 1% rpm 15 min, 10 min.
Lime 10 0.5 100 rpm 0.5 min, 35 rpm 5 min, 60 min,
34 3 10 min,
Al” and Fe 38 0.5 90 rpm 2  min, 20 rpm or more 20 min,
, . at least 10 -
MgCO, 39 1.0 100 rpm 2 min. 12 rpm 15 min. 20 min.
24 . 2,5,15,
Fe 49 1.5 90 rpm 2 min. 20 rpm 10 min. 60, 120
min
Lime 41 0.8 100 rpm 2  min, 30 rpm 20 min, 10 min.

153
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the town of Amherst and the University of Massachusetts, Raw,
degritted sewage was used in all studies.l Early in the work sewage was
transported in plastic carboys to the main Environmental Engineering
laboratory. With the completion of pilot plant facilities adjacent to the
Ambherst treatment plant, sewage was then pumped directly from the
primary clarifier center-well into the pilot plant buiiding where jar tests
and column studies were conducted,

Characteristics of Amherst sewage during these studies are shown
in Table 4, together with typical sewage composition. Variability of the
sewage from day to day was a factor which could not be controlled, so
the results of each jar test or column test could not be compared pre-
cisely to other similar tests. In an effort to minimize this problem,
comparisons were made on percent removal values rather than residual
concentrations. In addition, since it was found that during pericds of
heavy rainfall, treatment plant flow rates increased significantly and
the sewage at these times was weaker, no samples for jar tests or
column experiments were obtained until flow conditions returned to
those of normal dry weather flow,

Because the time required to analyze each of the samples for each
of the test parameters would be a minimum of several days, a method
was needed to preserve the samples. A review of the literature and
laboratory tests showed that storage at'4°C was adequate. It was found
that total phosphorus and total carbon values did not change appreciably,
but that inorganic carbon and orthophosphate values increased by about
40 percent during the seven day test period. A slight decrease in TOC

was observed since bacterial decomposition will continue even at this



Parameter
Total Phosphorus,r mg/l as P
Suspended Solids, mg/}
Turbidity, JTU

Total Organic Carbon, mg/l

TABLE 4--Characteristics of Amherst Sewage

Mean Value

Ambherst Sewage

Range of Values

5.5
1964
81

148

1.7 to 8.0

126 to 295

34 to 125 .

85 to 275

Typical Composition of
Domestic Sewage {42)

Strong Medium . Weak
20 10 6

350 200 100

300 200 100

¢
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low temperature. Figure 4 shows the change in phosphorus and carbon
during the test interval,

The parameters chosen to characterize the treatment process
were total phosphorus, suspendea solids, turbidity and total organic
carbon (TOC). Total phosphorus was determined by the molybdenum
blue colorimetric test developed by Jankovic, Mitchell and Buzzell (43).
Ascorbic acid is the reducing agent used to pxloduce the molybdenum blue
complex., Because only orthophosphate will form the colored complex,
total phosphorus was determined by first digesting the sample with
potassium persulfate and sulfuric acid. The absorbance of the developed
color was determined with a Bausch & Lomb Spectronic 20 spectrophoto-
meter.

Suspended solids concentrations were determined using the mem-
brane filtration technigue described in Standard Methods (44). Turbidity
was measured with a Hach Model 2100A turbidimiter.

Total organic carbon was determined using a Beckman Model 915
Total Organic Carbon Analyzer. Two determinations are made: total
carbon (organic carbon plus carbonates) and inorganic carbon (carbonates).
TOC is the difference between the two analyses performed on successive
identical samples. Both analyses are based on conversion, in high
temperature ovens, of sample carbon to carbon dioxide for measurement

by a non-dispersive infrared analyzer.

Effects of pH and Alum Dose on Pollutant Removal
With the jar test procedures discussed above, alum (in the form of

A12{804)3- 18H,C) was investigated to determine the effect of interactions



START OF TEST

% CHANGE FROM

40

30

20

10

oP
X INORGANIC B
. | . CARBON
INITIAL VALUES
© TOTAL CARBON 110 Mg/1 —
. ® INORGANIC CARBON—— 24 Mg/|
A TOC 86 Mg/|
X & TOTAL P 8.9Mg/ |
X oP 4.8Mg/\

. TOTAL CARBON —\
°

A A
—/ . A T
TOTAL P _ T0C A
L ] ] I L i ]
; 2 3 4 5 6 7

DAYS FROM START OF TEST

FIGURE 4--Effect of Sample Storage on Phosphorus and Carbon

Delerminations,

LE



38

which occur between pH and dose, Alum was added to the jars of sewage
as a concentrated solution. To obtain a number of different pH values for
a given alum dose the pH was adjusted with solutions of sulfuric acid and
sodium hydroxide added prior to the alum. Titration curves of alum/
sewage and acid (or base)/sewage were used to establish the amount of
acid or base Arequired to achieve the desired pH. Because pHis an
independent variable when the results are plotted, exact control of pH
was not necessary.

Following the settling portion of each jar test the pH was measured
and a sample aliquot siphoned from just below the water surface of each
jar. The result of the analyses for total phosphorus., suspended solids,
turbidity, and total organic carbon is shown in Figures 5 through 8 in
which the axes age alum dose and pH, and removal of each pollutant is
present as the percent removal. The dashed line .in each of these figures
repregents those jars in which no pH adjustment was made. Contour
lines were then drawn connecting points of equal percent removal
following the method suggested by TeKippe and Ham (35).

Several.features of the plots are of interest. First, an area of
optimurm removal occurs at pH 5.9 and a-dose of approximately 150 mg /1
regardless of which parameter is used to evaluate performance. Second,
the general appearance of the contour lines for total phosphorus, sus-
pended solids, turbidity and TOC are very similar. In this regard, it
may be noted that wfxile TOC removal followed a somewhat different
trend, the contour lines are still of the same general iype. These
similarities may be explained by further examining the meaning of each

parameter selected for study. The removal of suspended solids
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(Figure 6) and turbidity (Figure 7) are closely related although the sus-
pended solids measurement is predominantly large particles and turbidity
is comprised of very small particles., Further, total phosphorus is a
measure of three types of phosphorus compounds - soluble orthophosphate,
polyphosphates,l and organic phosphorus., The addition of coagulants
precipitates the first two types as aluminum phosphate (29) which is then
removed from suspension, along with the organic phosphorus, by the
coagulant. Therefore, the total phosphorus removal plot (Figure 5)
should, and does, look very similar to those for suspended solids and
turbidity. Figure 8 showing removal of TOC appears to be slightly
different because a significant portion of the TOC is in soluble form and
not affected by the coagulation process. Thus, while the other parameters
approach 100 percent removal, the TOC approaches some intermediate
value reflecting the portion of the total which was in particulate rather
than in a soluble form.

A feature of each of the plots is the occurrence of a '"trough' of
good removal values centered on pH 5.9 and beginning at alufn doses
of about 100 mg/1, The "trough" widens as the dose increases above
200 mg/l. It should be noted that relatively minor pH variations
(greater than + 0.5 pH units) result in very large reduction in removal
efficiency, This indicates that a process using alum as a coagulant
would require careful pH control to operate properly. Although
coagulation with iron compounds was not a part of this research, since
the aqueous chemistry and mode of colloid destabilization are similar to
alum, iron salts should also exhibit pH sensitivity when used as

coagulants,
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An interesting feature of the plots is an area of generally good
contaminant removal extending from the '"trough' of optimum removal
toward lower alum doses and lower pH values. Thus at a pH of 4,5 to
5.0 moderate removal efficiency occurs at low doses of about 50 mg/1,
but as the dose is increased at constant pH the removal efficiency
decreases and then improves again as the dose is increased to greater
than 150 mg/1. The most likely explanation for this behavior is that
at low doses colloid destabilization OCCI\JI‘S due to adsorption to produce
charge neutralization, However, as the concentraticn of positively
charged hydrolyzed aluminum increases, these charged species adsorb
onto the negatively charged colloids to such an extent that charge
reversal occurs; resulting in a positively charged stable colloidal dis-
persion, This in turn causes an increase in suspended solids concen-
tration togethef with a reduction in removal efficiency as compared to
lower doses. As the dose is further increased, precipitation of
aluminum hydroxide occurs and pollutant removal is accomplished by
a precipitafe enmeshment mechanism. This has often been termed
""sweep floc'',

A descriptive model has recently been proposed by Ferguson (45)
to depict the alum coagulation process. The model consists of three
cases and considers only the chemical reactions occurring between
aluminum ions and orthophosphate ions.

In the first case the pH is near optimum and the aluminum /ortho-
phosphate r‘eaction occu?s stoichiometrically, The optimum Al/P mole

ratiois 1.4 to 1 and the reaction will be approximately 90 percent complete.
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In the second case asmore aluminum is added the precipitation
reaction will become less efficient due to the solubility of Al/P mole
ratio exceeds the range of 1.4 to 1.6 then the phosphorus residual is
controlled by the solubility of aluminum phosphate, A/P04. At Al/P
ratios greater than 1,6 the phosphorus residual is controlled by the
combined solubility of aluminum phosphate and aluminum hydroxide.

The third case considers that at any pH value the limit on
phosphorus remecval is due to the solubility of aluminum phosphate
and aluminum hydroxide. This minimum phosphorus conéentration is
in the order of 107° mole per liter.

The application of this model to the data developed in this research
is somewhat lin ited since Ferguson's model considers only reactions
between aluminum and the orthophosphate ion rather than reactions of
other phosphorus species such as the condensed phosphates and
particulate phosphorus species present in domestic sewage. A second
limitation is that many other ions occur in sewages and will affect the
predicted solubility relationships. Thirdly, the model considers only
the insolublization of orthophosphate and not the entire removal process
including separation of the precipitate from the water phase by
flocculation., In order for comparisons to be made between this model
and coagulation of sewage it would be necessary to determine the
relative amounts of orthophosphate and other phosphorus species.

For the data gathered in this research, if it can be assumed that
one-half of the total phosphorus concentration is in the form of

orthophosphate, then the Al/P ratio is approximate 4.5 to 1 for
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optimurn phosphorus removal, This very high ratio compared to that
predicted by tﬁe model is due to the additional requirement of aluminum
ions to destabilize both the colloids already present in the sewage and
those formed by the precipitation of A/PO4.

Based on this alum jar test work the following conclusions were
made:

1, For Amherst sewage the optimum alum dose is about
150 mg/1 and the optimum pH is 5,9,

2, The coagulation mechanism for Amherst sewage may be
either adsorption and charge neutralization, or precipitate enmeshment
depending on the dose and pH. For dose and pH conditions close to
those found to be optimum, the removal mechanism is precipitate
enmeshment.

3. When‘ using alum as a coagulant, careful pH control is re-

quired to limit the range to about 0.5 pH units either side of pH 5.9,

Effects of pH and Lime Dose on Pollutant Removal
A similar jar test program was conducted using lime (CaQ) as

the coagulant. These results are shown as Figures 9 through 12,
again depicting the removal of total phosphorus, suspended solids,
turbidity, and TOCT. The behavior of lime as a coagulant is quite
different from that of alum. Lime acts as an enmeshment precipitate
throughout the entire region studied (29). Removal efficiency con-
tinuously increases as both lime dose and pH increase with no
optimum conditions observed. It should be noted that high doses

of lime or high pH alone will not result in effective treatment; this
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only occurs when both high dose {greater than 300 mg/1 as CaQ) and
high pH (greater than 11) occur together. Both conditions are needed
because the precipitating species, predominantly calcium carbonate,
decreases in solubility as the pH increases. The addition of lime
provides both the necessary calcium ions and the high pH simultaneously
since, when it is hydrated, lime forms C::L(OH)2 which is a strong base,
Carbonate ions are present due to the natural alkalinity of the waste-
water. Additionally, at pH values greater than 10, l\/Ig(OH)2 is pre-
cipitated and adds to the settleability of the floc,

A summary to serve as a comparison between alum and lime
jar results is presented in Table 5. These data were obtained from
Figures 5 through 8 for alum treatment and from Figures 9 through 12
for lime treatment. The procedure was, first, to note the percent
removal values on Figures 5 through 8 corresponding to an alum dose
of 175 mg/] at pH 5.9, and on Figures 9 through 12 the values corres-
ponding to a lime dose of 400 mg/1 at pH 12.0. Then, secondly, the
residual conéentrations associated with the percent removal values
were obtained by refering to the original raw data of the jar tests,
Although it may seem from this limited data that perhaps lime
treatment is to be preferred, the differences observed are due more
to variations in characteristics of the raw sewage than to differences
in the treatments. It is not possible from this data to conclude that
either lime or alum treatment would result in a more efficient process
than the other. Additionally, a review of the literature previously

shown in Tables 1 and 2 has indicated that, at optimum dose and plf



TABLE 5--Summary of Jar Test Results

% Removal Concentration

Lime

Residual

*
Alum
Residual
% Removal Concentration
Suspended Solids 93 10 mg/1
Turbidity 86 8.5 JTU
Total Organic Carbon 64 40 mg/1
Total Phosphorus 83 1.0 mg/1

Dose 175 mg/1 (as (A1,(50,),* 18 H,0); pH 5.9

o Dose 400 mg/l {(as CaO); pH 12.0

84
88
77

95

28 mg/l
7.7JTU
20 mg/l

0.3 mg/1
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conditions, the effectiveness of the two treatments is very similar,

Several additional aspects of lime treatmént of raw sewage were
investigated. it has been reported in the Environmental Protection
Agency Process Design Manual for Phosphorus Removal (46) that it is
possible to obtain good removal efficiency at relatively low lime doses
and low pH values. At Richmond Hill, Ontario, the use of 175 mg/1
lime resulted in a pH of 9.3, and removal of 78 percent of the BOD and
83 percent of the total phosphorus. Also, Tofflemire and Hetling (21}
were able to achieve removal of 76 percent of the COD and 91 percent
of the suspended solids at a pH of 10,8, However, jar testing with
Ambherst sewage showed considerably lower remdvals occur at a
similar dose (see Figures 10 and 12). It is apparent from the data that
the Richmond Hill sewage contained somewhat more alkalinity than
Amherst sewage (75 to 150 mg/1 as CaCO03) which may account for
some of the difference. The mixed domestic and industrial waste used
by Tofflemire and Hetling had an alkalinity of 150 mg/1.

In recent studies reporfed by Ketchum and Weber (41) it was
shown that chemical coagulation of low alkalinity waters with lime
could be improved by the addition of activated silica. However, the
upper linmit of alkalinity where activated silica addition allowed a
reduction in the required lime dose was only about 50 mg/1, 1Itis
unlikely that municipal wastewaters would contain such a low
alkalinity, Thus, the use of activated silica in conjunction with

lime for treatment of sewage appears unlikely,
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As an aid to lime coagulation Wuhrmann (23) reported the use of
small concentrations of ferric iron. Settleability of hydroxylapatite
and calcium carbonate flocs were shown to be greatly improved by this
technique. In an effort to improve turbidity removal, particularly at
lower lime dosés, jar tests were performed using varying lime doses
and varying ferric iron doses. The results are tabulated in Table 6.
It is apparent from this data that the coagulation of Amherst sewage
with lime is not aided by the addition of small doses of ferric iron and
that higher ferric iron doses may actually increase residual turbidity
values.

In another attempt to in.prove lime coagulation, both the Lake
Tahoe tertiary treatment plant (10) and the Blue Plains advanced waste
treatment plant (9) recyc‘led settled lime sludge. This, in addition to
improving the removal efficiencies, also reduced carbonate scaling
problems, At Lake Tahoe approximately 20 mg /1 settled lime sludge
was added to the flocculation basin to increase phosphorus removal.
At Blue Plains the benefit of sludge recycle was a decrease in scale
buildup on piping following the clarifier.

As a part of this study.jar tests were run to determine the effect
of recycling lime sludge on turbidity and phosphorus removal. These
results are presented in Table 7. At low flocculation duration (less
than 10 minutes) large doses of recycled sludge resulted in increases
in settled turbidity and phosphorus. When the flocculation time was
greater than 10 minutes recycling solids seemed to have no effect

even at a recycle rate of 250 mg/l. In no case could it be concluded
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TABLE 6--Jar Test Results Using Line and Ferric Iron

+
Fej Dose

Lime Dose ‘Measured Turbidity
mg/1 pH mg/1 JTU

0 - 0 71
50 9.9 0 65
100 10,55 0 65
150 11,2 0 59
200 11.45 0 28
250 11.65 0 17
300 11.65 0 17
2 mg/l Fe3+ Added 2 Minutes After Lime Addition

0 . 2 120
50 10. 35 2 120
100 11.1 2 120
150 11.3 2 120
200 11,65 2 54
250 11.9 2 29
300 11.95 2 27
Varvying Fe?’+ Dose Added 2 Minutes. After Lime Dose

0 - 0 92
300 11,95 0 283
300 11,95 I 28
300 11.9 3 31
300 11,85 b 37
300 11.85 10 30
300 11.75 20 37
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TABLE 7--Effect of Adding Settled Sludge to Lime Jar Tests

Residual Turbidity -

Sludge Added Flocculation Time (min.)

m}l mg /1 5 10 20 30
0 0 8.6" 5.2 3.8 3.7
1 13 8.5 5.0 3.5 3.3
5 63 8.9 4.6 | 4.0 3.8

20 250 13 4.5 3.7 3.2

Residual Phosphorus

Sludge Added Flocculation Time {(min, )

ml mg/l 5 10 20 30
0 0 0.70"" 0.54 0. 36 0.28
1 13 - 0.56 0.45 0.31 0.29
5 63 0.70 0.42 0. 36 0.33

20 250 0.92 0.47 0.40 0.38

. -Residual Turbidity in JTU
Residual Total Phosphorus in mg/l as P

Jar Test Conditions

Rapid Mix 2 minutes at 100 rpm

Slow Mix 25 rpm for varying time

Settling 10 minutes

Lime Dose 400 mg/1 at pH 12,25

Return sludge was obtained by treating raw sewage with 400 mg/1
lime., The return sludge Total Suspended Solids was 12,600 mg/1,
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that the addition of sludge to the flocculation zone had a beneficial
effect,

Based on the lime jar test work the following conclusions were
made: |

I. In contrast to alum coagulation, .rather than observing an
optimum condition of dose and pH, removal efficiency with lime
increases Conti:nuously as the dose and pH are increased.

Z. When treating Amherst sewage lime and alum were found to
produce comparable results.

3. Low pH lime coagulation was not successful in treating
Amherst sewage due to the low alkalinity present,

4. The use of {erric iron did not improve removal efficiency,

5. Recycling of lime sludge was found to not be effective in

producing an effluent having lower phosphorus or turbidity.




58

CHAPTER IV

COLUMN EXPERIMENTS

Purpose

Jar testing, as discussed in thelprevious chapter, established the
optimum dose and pH for removal of pollutants from sewage using alum
and lime as coagulants, In the second phase of study design criteria for
the flocculation-clarification process were obtained using a batch
column equipped with mixing paddles. The purpose of these studies was
to relate mixing speed during flocculation to pollutant removal efficiency

following sedimentation.

Experimental Equipment

Flocculation-sedimentation studies were conducted in a batch
column one foot in diameter and eight feet in height ac shown in
Figure 13. This equipment consisted of a cast acrylic (Plexiglas) tank
fitted with sample points along one side. The tank was constructed in
three sections for ease of fabrication and later handling, and was
supported by a wooded frame which was secured to the wall of the pilot
plant building. A mixer shaft of 3/4-inch aluminum rod extended along
the axis of the tank and was prevented from horizontal movement by a
socket hole in the tank bottom slightly larger than the shaft diameter.
Aluminum mixing blades consisting of strips of aluminum sheet were
attached to the shaft parallel to the tank axis hy horizontal aluminum
rods, The weight of the shaft and mixing blades was supported by a

silicon rectifier {(SCR) controlled 1750 rpm DC motor with a 10/1 worm
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gear reducer. With the rheostat control device, rotational velocity
could be maintained at any value between 0 and 175 rpm.

When the tank was initially used it was found that little effective
mixing was accomplished due to rotation of the entire fluid mass. The
remedy chosen was to install baffles inside the tank to increase eddy
currents, These baffles consisted of four one-inch strips of aluminum
sheet extending the entire height of the column and held in place by
circular rings of aluminum sheet at the top and bottom of the column.

One purpose of column testing was to relate the mixing intensity
during flocculation, as measured by the mean velocity gradient,

G, to the efficiency of the flocculation-sedimentation process, To do
this it was necessary to measure the mean velocity gradient in the
tank, The means chosen was to measure the electrical input to the
DC motor armature which in turn was a measure of the power being
consumed to turn the mixing paddle. In addition to the power used to
mix the tank contents, power was also consumed in tﬁe gear reducer
and in the shaft socket at the bottom of the tank,

Power consumption was measured by an ammeter and voltmeter
attached across the input to the motor armature. Motor speed was
measured by a generator tachometer supplied by the motor manu-
facturer, At low paddle speeds the shaft rotational velocity was
determined visually,

The expression relating shaft rotational velocity to the mean

velocity gradient, G, has been previously developed as Eq. (11).
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If G, as determined from electrical power measurement, is plotted
versus shaft rotational velocity on log-log paper the result should
be a straight line with a slope of 1.5,

For the system used in the column studies the measurement
of power consumption included that actually consumed in mixing the
fluid and other losses in the gear reducer and the socket at the
bottom of the shaft, To separate the mixing power from the losses,
power consumption readings were made with the column empty and
with it filled with tap water. These two sets of values were subtracted
to determine the useful power. These values were then plotted on
log-log paper as shown in Figure 14, The result is the expected
straight line but with a siope of 1.67. Although the slope is not
in exact agreement wi.th the theoretical value of 1.5, it does indicate
that the methods employed were correct.

In spite of the demonstrated correct approeoach to relating G
to shaft rpm, the results were not completely satisfactory because
G values below about 60 sec_] could not be determined by this technique.
The major factor preventing the measurement of G of less than
60 Sf‘ac"1 is that gear power consumption was a large portion of

total power consumption, particularly at low rpm, and thus the
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substraction of column full and column empty power usage resulted
in the subtraction of two large, nearly equal values. At low rpm
it was not possible to differentiate between the two power values,
Although extraplolation could extend the relationship to lower rpm

values, that procedure would lead to questionable G values.

Values of G commonly used in water treatment plants have
been summarized by Camp (33) as in the range of 29 to 74 sec:_Jl
with the median of the 20 values he presents being 39 s.‘ac_1
Similar data presented by Walker (47} indicates for -eight water
treatment plants a maximum of a 145 sec'l, and a minimum of
33 sec"]. Thus, G values of interest in wastewater treatment
plants will be in the range of 20 to 150 sec_] and the inability to
accurately measure G values below 60 sec:'l with the experimental
equipment was an unfortunate shortcoming of this method of mean

velocity gradient measurement,

63

In addition to the column in which flocculation and sedimentation

occurred, other portions the apparatus included a rapid mix tank,
a pump to transfer the sewage/coagulant mixture from the rapid
mix tank to the column, and an electrical control panel. The

arrangement of the equipment is shown in Figure 15,
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Column Test Procedure

Prior to column testing, jar tests had been performed to
determine the optimum coagulant dose and pH for both alum and lime.
In the case of alum, that optimum was found to be a dose of 175 mg/1
{as A12(804)3. 18 HZO) at a pH of 5. 9. In contrast, lime does not
exhibit an optimum dose and pH. Greater doses produce higher
pH values and better removal efficiency, Further, lime doses for
the column teéts were selected to be 300 mg/1 and 400 mg/1, Ava,lues

which are typical of doses applied in the treatment of sewage,.

Column tests were run as a batch system. Sewage was pumped
from the centerwell of the Amher st sewage treatment plant primary
clarifier to the adjacent University of Massachusetts pilot plant facility,
For each run the coagulant and G value were selected prior to the run.
Coagulant was added to the raw, degritted sewage in the rapid mix tank
and mixed with a one-sixth horsepower mixer for one minute in the case
of alum and two minutes with lime. Following the rapid mix period the
mixture was pumped into the flocculation/sedimentation tank, flocculated
at the known G value for 10 minutes, and allowed to settle. Based on
preliminary column testing the sedimentation step was terminated after
visual observations indicated that sedimentation was essentially complete.
During jar testing work the sedimentation time was taken to be 10 minutes,

In column studies 45 mintues was selected initially, but when it became
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apparent from analysis of the data that a longer settling time would
yield data which could be more easily evaluated, the sedimentation time
was increased to one hour. During the sedimentation period samples
were withdrawn from the column at various depths and at time intervals,
and measured in terms of the same four pollutional parameters that
were studied during the jar test phase, total phosphorus, suspended
solids, turbidity, and TOC. To illustrate the procedure used in data
analysis, a sample set of data obtained in one experiment is presented
in Table 8.

The percent removal values were then plotted against their
respective depths and times as shown in Figure 16 for the suspended
solids data of Table B, Smooth curves may then be drawn through points
of equal percent removal, Design curves were then developed in a
manner similar to that described by Camp (48) for discrete settling and
discussed by Eckenfelder and O'Connor (49) for flocculant settling,

The percent removal by sedimentation of a particulate pollutant at
a given time is equal to the sum of a) the particles which have settled
to the tank bottom, in the given time, plus b) a portion of each other
slower settling particle group equal to the ratio the actual particle
settling velocity divided by the theoretical settling velocity of a particle
which will just settle out in the given time. In practice, the calculation
is most easily performed by substituting the particle settling depth
rather than velocity assuming that all particles started at the surface.

In equation form this would be:

D2 D3 - DN
% Removal = P, + P, — + P, =— +..... + P —
1 2 ]:)T 3 D, N DT
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TABLE 8--Settling Analysis of Coagulated Raw Sewage

Test Conditions;:

Lime Dose 400 mg/!}

pH 11.85

Rapid Mix Time 2 minutes
Flocculation Time 10 minutes -
Flocculator Speed 5 RPM (G ~5 sec )

Depth Suspended

Time f{rom Top Solids Turbidity TOC Total P
{(min.) (ft.) ZTonc. % Rem., Conc. % Rem., Conc. % Rem. Conc. % Rem.

Initial - 244 - 79 - 105 - 3.8 -

0 1 260 -9 66 16 97 8 - -

0 3 248 -2 66 16 93 11 - -

0 5 280 ~-15 76 4 113 -8 - -

0 7 280 -15 76 4 93 11 - -

15 1 111 55 18 77 66 37 0, 35 91

15 3 134 45 23 71 b7 36 0. 48 B8

15 5 133 45 26 67 68 35 0,87 77

15 7 156 36 34 57 73 30 0. 64 83

30 ] 46 81 12 B& 62 41 0.28 93

30 3 42 23 12 85 61 42 0. 18 95

30 5 60 75 13 84 55 48 0. 37 a0

30 T 65 73 19 76 63 40 0,38 90

45 1 29 B8 12 B5 62 41 0,13 a7

45 3 39 84 14 R5 60 43 0.30 9z

45 5 39 84 12 85 60 43 0.10 a7
45 7 35 86 15 51 57 46 0.23 94 |
60 1 16 93 11 86 60 43 0.25 93 ;
60 3 31 87 11 86 61 42 0.19 95

60 5 23 91 11 B6 60 43 0.10 97

60 7 33 B6 12 85 60 43 0.10 97
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where % Removal = Total percent removal in the given
tank in the given time
Pl’ PZ’ ce . PN = Particle groups

Dl’ DZ’ R DN = Depths to which particle groups Pl'

P P., have settled assuming the

2, LI I ) N
particles started at the surface

D.. = Total depth of tank

An example of this calculation is shown in Table 9 for a 21 minute
sedimentation time with the data in Figure 16, By selecting a time
where the settling curve crossed the time axis the calculations are made
somewhat easier, Similar calculations were performed at the other
times where a percentage removal line crossed the time axis at the
eight foot depth. Those results are shown in Table 10. Also shown in
Table 10 is the corresponding sedimentation tank overflow rate which is

calculated as follows:

. gal/d , ity, in if al h
OR, in .SE.___Z_‘E‘_Y = (settling velocity, in Hr) (7.48 & 7) (24 dal;; )

ft ft
The data of Table 10 was then plotted as a curve relating percent removal
to overflow rate at the given G value as shown in Figure 17.

The purpose of constructing these curves was to determine
whether the removal of pollutants in a coagulation/sedimentation system
is affected by the intensity of flocculation, G, within the range ol valucs

normally encountered in coagulation systems. It was postulated that an

optimum G value might he found. That is, a G values less than optimum
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TABLE 9--Percent Removal of Suspended Sclids at Varying Time

Time % S.S. Range Depth Settled (ft.) ]%R?al.)tti}:) % S.5. Removed
21 min, 0-40 8 1.0 40.0
40-50 6.3 0.79 7.9
50-60 3.6 0.45 4.5
60-70 2.3 0.29 2.9
70-80 1.4 O 18 1.8
80-60 0.6 0.08 0.8
57.9

TABLE 10--Settling Time vs.Percent Removal and Overflow Rate

Time Percent Removal Settling Velocity Overflow Rate
21 min. 57.9 22.9 ft/hr “4111 gpasf
30 74.2 16.0 2872

35 81.5 13,7 2459

37 83.7 13.0 2334

41 85.6 11.7 2100

62 : 90.0 7.7 : 1382

hr
day

F22.92 ) (7.48 B2y (24 BLy = 4111 gal. /day/ft?

ft
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the precipitate particles would not obtain sufficient kinetic energy to be
driven together, and at excessively high G values the shearing forces

would break down the floc into particles too small to readily settle out.

Column Test Results

The column test phase of this study was designed to determine if
the percent removal of the pollutional parameters is significantly affected
by the flocculation G value used, The range of G values employed was
5 to 40 sec-l. Although a calibration curve was prepared {(Figure 14)
there are uncertainties about low G values resulting from the inability
to accurately measure power consumption at low mixing intensities. Thus,
the results are reported here in terms of mixing shaft rpm rather than G

values., The approximate G values for the shaft rpm are:

RPM G, sec:"1
5 5
10 15
15 30
20 60
- 25 80
30 100
‘ 40 170

The percent removal of each pollutant parameter as a function of
overflow rate for each rpm value investigated is presented in Figures 18
through 21 representing results obtained when alum was used as the

coagulant, whereas Figures 22 through 29 were derived from column
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tests using lime. In examining each figure, the rpm value producing
the highest percent removal of the specified parameter at a given over-
flow rate is the optimum rpm value, If turbidity and total phosphorus
removal are examined for alum dosing experiments (using in each case
a dose of 175 mg/1 at a pH of 5. 9) there appears to be a tendency toward
slightly better performance at low flocculation speeds (5 rpm or

G~5 sec"l). However, the removal of suspended solids and TOC do
not confirm this relationship, Thus, it is not possible to definitely
conclude that low mixing intensities produce better results on the basis
of all four parameters observed. Better results at lower mixing speeds
may be due to slight real differences or may be due to some unmeasured
variable which is characteristic of the sewageé,. In either case itis
clear that when alum is used as a coagulant to treat raw sewage, mixing
intensity is a relatively unimportant design parameter. Indeed, jar
testing illustrated the very significant effect of coagulant dose and pH
and these would probably far outweight mixing intensity in importance
for an actual design application.

Similar data analysis of experiments in which lime was used as
the coagulant at dosages of 300 mg/1 and 400 mg/1 é.gain did not show
that a particular mixing intén‘s-ity.r produced the best results for all
parameters, In the cases of Figures 24, 26, 28 and 29 the graph of the
30 rpm values produced better results. However, if that were the
optimum value it should follow that values near 30 rpm should also yield
good results and that mixing intensities either much greater or much
less than 30 rpm should yield the poorest results. Unfortunately, no

such trend exists, as illustrated by examination of the turbidity removal
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shown in Figures 26 and 27. Thus, it was concluded that lime
treatment of raw sewage, as well as alum treatment, is relatively

insensitive to mixing intensity for the test conditions used.

One possible explanation for the insensitivity of pollutant
removal to mixing intensity may be that the flocculation tirn'e of
10 minute‘s was sufficiently long that flocculation was successfully
completed in all cases regardless of how low the value of G was
during each experiment. Further studies varying the duration of
flocculation, particularly at low duration, say one or two minutes,
would indicate whether this explanation is in fact the case. If it
could be shown that even 10 minutes flocculation is sufficient to bring
about efficient flocculation over a wide range of G va.lues, then
further consideration of G as a principle design variable could be
eliminated. .Even in a large scale treatment process the expense
would be relatively small for a flocculation tank with only a 10 minute
detention p;riod, or perhaps even less if studies could show that,

say five minutes is sufficient.

A second consideration is that the flocculation mixing intensity
must be Su'fficient to prevent deposition of solids in the mixing zone.
From the column settling data including that shown in Table 8 it was
apparent that this lower limit on mixing intensity when ;15'1ng alum

is about 15 rpm (G ~30 sec-l) and when using lime about 20 rpm

{G~50 sec-l).
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Although mixing intensity did not appear to be a critical design
factor, several other significant process design features are evident
from examination of Figures 18 through 29. Differences in clarification
behavior between alum and lime treatment of raw sewage can be
readily seen. The dependence of percent removal of a pollutant on
overflow rate is shown by the slope of the line for the given flocculation
conditions. That is, a steeper slope implies that removal efficiency
is more sensitive to overflow rate., Comparison of the graphs
obtained in the alum and lime experiments illustrate that alum
coagulation produces a suspension that settles less readily than that
of lime coagulation, Thus, in an alum coagulation process there
ex:Lsts a greater possibility for upset due to hydraulic variations or
convection currents, Design of alum coagulation processes should

therefore be more conservative than those for lime coagulation.

A summary of column test results is presented in Table 11.
For this comparison overflow rates yielding approximately the same
percent removal for alum and the two lime doses were selected:
1750 gpdsf for alum treatment and 3000 gpdsf for lime treatment.
The percent removals of the pollutant parameters at these overflow
rates are also comparable to published percent removal values as
seen by comparing Table 11 with Tables 1 and 2. Residual

poliutant values were obtained, as in the preparation of Table 5,



TABLE 11--Summary of Column Test Results

Alum’ Lime (300 mg/1 as CaO}  Lime (400 mg/1 as Ca0) ¥
OR = 1750 gpdsf OR = 3000 gpdsf OR = 3000 gpdsf
Residual Residual Residual
% Removal Concentration % Removal Concentration % Removal Concentration
Suspended Solids 75 65 mg/1 73 65 mg/] 72 70 mg/1
Turbidity 88 132 JTU 75 20JTU g2 14 JTU
Total Organic Carbon 47 75 mg/1 40 65 mg/1 43 65 mg/]
Total Phosphorus 85 1.0 mg/l 89 0.25 mg/1 89 0.4 mg/l

Dose 175 mg/1 (as A12(804)3- 18 HZO); pH 5.9

“"Lime Treatment pH approximately 11,8

s ake ale
Ras

Lime Treatment pH approximately 12,0

83
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by referring to the original raw data in this case obtained during

column testing,

When comparing the data in Table 11 to similar data for jar
testing (Table 5) it is apparent that jar testing produced better
results, parﬁcularly in terms of Suspencied solids and turbidity
removal, During jar testing with either alum or lime residual
suspended solids concentrations in the range of 10 to 30 mg/1 were
easily achieveci. Turbidity residuals less than 10 JTU were often
observed. In contrast, during column testing residual values were

about twice those obtained during jar testing,

Because a floc particle was considered to be removed when it
had settled to the bottom of the jar (5-inches) or below the lowest port of
the column (7-feet), some of the difference may be attributed to different
settling distances. But, more importantly, the settling conditions
within the jar and column were seen to be different. During jar testing
very little turbulence was observed more than a few minutes after
flocculation was completed and the floc rapidly settled out. In the
column, on the other hand, considerable tu.rbulence was observed
resulting from temperature induced density currents and also due to
displacement of water by settling solids. These conditions also occur in
the jar tests, but the differences in scale made the effects considerably
more pronounced in the column. Consequently, it should be expected

that column testing would produce higher pollutant residual concentrations
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than jar tests due to these scale factor's. Continucus flow clarifiers, in
addition to problems of internal currents of the type discussed above,
also suffer from hydraulic short circuiting thereby further reducing
removal efficiency.

The overflow rates chosen for the above comparisons were 1750
gpdsf for alum and 3000 gpdsf for lime. By comparing the removals at
these overflow rates in Table 11 with the published values from pilot and
field scale operztiong (Tables 1 and 2), it is seen that the removal
efficiencies are comparable, but the overflow rates focund in this study
are considerably higher. Eckenfelder has recommended that when
designing continuous clarifiers the overflow rates found in batch studies
be reduced by a factor of 1.25 to 1.75. If the larger of these factors is
applied to the overflow rate values found in this study then the values
resulting closely approximate overflow rates being used today.

The column testing shows that the design of alum coagulation
processes shoulc be more conservative than lime processes both
because lower overflow rates are needed and because hydraulic variations
are more likely to upset alum processes. Although the data is limited,
it appears from Table 2 that these differences are not generally appreciated.
That is, from Table 2 it can be seen that clarifier overflow rates for lime
and alum processes have been very similar. Therefore, it should be
concluded that in the design of flocculation-sedimentation processes to
treat domestic sewage more emphasis should be placed on proper
selection of overflow rates and less consideration on mixing intensity
provided a minimum flocculator mixing intensity is furnished to prevent

deposition of solids,
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Characterization of Lime and Alum Sludges

One of the major expenses at any sewage treatment plant is disposal
of the sludge produced. Since chemical coagulation of raw sewage is
rélatively new, little data exists concerning the quantity or characteristics
of the sludge. Therefore, as the column studies were being conducted
the q;.tantity of sludge produced was noted. This data is presented in
Table 12 and Figure 30, The quantity of sludge whén using alum is seen
to rise sharply from about 2% to 6% by volume as the mixing speed is
increased. Lime sludge volume seems also to exhibit a slight rise in
volume as the mixing speed increased, Both lime sludges averaged
1.8 percent byz volume, or about 40 percent of the average alum sludge
volume. A comparison of initial suspended solids concentration with
sludge volume indicates that sludge volume is independent of the initial
suspended solids concentration within the range of the values encountered.

One of the most important considerations in sludge disposal is
volume reduction, usually accomplished by gravity thickening and then
removing unbound water by vacuum filtration, centrifugation, or sand
bed drying. A procedure commmonly used to characterize sludges for
these applications is the specific resistance and coefficient of com-
pressibility test (50, 51), Measurements of specific resistance and coef-
ficient of compressibility for sludges obtained from the settling colummare
presented in Table 13. Two lime doses, 300 mg/! and 400 mg/l, were
used and one alum dose of 175 mg/l at pH 5.9, The values found for the
specific resistance of the two lime sludges were very similar, Those
of the alum sludge were approximately three times as great. This means

that, other factors being equal, it would take three times as long to dry
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TABLE 12--Sludge Volume in Column Tests

b

Lime Column Test

Initial
Sludge Depth Sludge Volume Suspended Solids

300 mg/1

5 RPM 3.1 cm, 1.3% 246 mg/1
10 RPM 3.1 1.3

15 RPM 5.6 2.3 202
20 RPM 4.0 1.7 |

30 RPM 4.6 2.0 199
400 mg/1

5 RPM 2.5 1 244

10 RPM 3.4 1.4

15 RPM 5.6 2.3 228
20 RPM 4,3 _ 1.8
30 RPM 5.0 2.1 185
40 RPM 5.0 2.1

Alum Column Test

5 RPM 5.0 2.1 194

15 RPM 10,0 4.2 263
25 RPM | 12,1 5.1 295
40 RPM 14,3 6.0 261

*60 Minutes Settling

"*45 Minutes Settling; 175 mg/1 at pH 5.9



SLUDGE VOLUME AS
PERCENTAGE OF COLUMN VOLUME

Lime (400 Mg/l.)

Lime (300Mg/l)

S 0 15 20 25 30 35 40
MIXING SPEED - RPM

€6

FIGURE 30--Column Mixing Speed Versus Sludge Volume.
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TABLE 13- -Sludge Dewatering Characteristics

Specific Resistance {sec 2 /m)

AP = HLP = AP = Coefficient of
Sludge 12,6 cmHg 25.4 cmHg 41.6 cmHg Compressibility
Lime, 300 mg/l 2.52x 107  5.08 x 107  7.47 x 10° 0.909
Lime, 400 mg/l 2.72 x 10°  4.77 x10°  7.50 x 10° 0.858
Alum, 175 mg/l 7.96 x 107  13.83 x 10° 20,15 x 10° 0.778

pH 5.9
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the alum sludge on the sand beds and, since the theoretical relationships
are different with mechanical dewatering devices, 1,73 times as long
when using a vacuum filter or centrifuge. The specific resistance and

coefficient of compressibility values compared well with published values

for similar types of sludges (50, 51i).
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CHAPTER V

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Summary

The treatment of domestic wastewater with chemical processes,
rather than biological, is becoming increasingly popular as the effective-
ness, ease of control, and relative economy of these processes is
established. One of the most promising processes is chemically assisted
primary treatment using inorganic coagulants such as alum or lime to
remove the algal nutrient phosphorus as well as to increase removal of
suspended solids and oxygen demanding materials, Optimum design and
operation of these facilities requires proper selectio'n of several design
parameters, namely choice of coagulant, dose, pH, tlocculation intensity
and duration, and sedimentation time. The current literature does not
indicate either the best values for these parameters or a rational
methodology for determining them.

During this investigation the coagulation process for treatment of
raw domestic sewage was studied using jar tests and a column floccula-~
tion-sedimentation apparatus. In the first phase a jar test procedure
was established to determine the effect on the removal of pollutants of
interactions between coagulant dose and pH during coagulation, The
pollutants studied were total phosphorus, suspended solids, turbidity,
and total organiz carbon., Numerous jar tests conducted under varying
dose and pH c.onditions were plotted to show the optirrum values for
both alum and lime., It was found that for the wastewater studied alum

coagulation exhibits optimum removal at a dose of about 175 mg/1 and
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a pH of 5.9, Small variations in pH either above or below the optimum
were found to have a large effect on pollutant removal. Lime coagulation
did not have an optimum value in that pollutant removal increased con-
tinuously as the dose and pH increased. Other process variables such
as coagulation at low lime dose, use of ferric iron as a coagulant aid,
and sludge recycling were also studied,

The second phase of the research was an investigation of the effect
of flocculation mixing intensity and sedimentation time on pollutant
removal using the best pH and dose conditions found in the first phase,
An apparatus was designed and fabricated in which flecculation could be
conducted using a.known, measured mixing intensity and then settied in
the same column. Alum and lime were used to investigate the combined
effect of varying flocculation and sedimentation. The intensity of
flocculation was found to be a relatively unimportant design parameter
‘when compared to overflow rate, dose, and pH for both chemicals pro-
vided that enough energy was applied to prevent floc particle settling
during the flocculation period. Alum was shown to produce a lighter,
slower settling floc than lime which would require that alum coagulated
water overflow rates be lower to produce a comparable result, Alum
floc will alsc be more susceptible to process upsets due to hydraulic
variations.

The sludges produced by column testing were characterized in
terms of the volume of sludge produced and its dewatering characteristics.
Alum sludge was found to be more voluminous than lime sludge and was

more difficult to dewater,
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Conclusions

Methodology for the design of wastewater coagulation processes is
not well developed and consists of simple jar testing to determine the
optimum dose and pH, No consideration has been given to determining
by laboratory tests the best values of flocculation intensity and sedimen-
tation time.

An improved jar test procedure following that of TeKippe and Ham
can more effectively determine the proper coagulant, dose, and pH for
each particular wastewater. It was found that alum coagulation exhibits
a narrow zone of optimum pollutant removal, whereas in lime coagulation
processes efficiency increases continuously as pH and dose i.ncrease.
Alum coagulatior will require careful pH control to prevent variations
due to changes irn wastewater flow and characteristics.

Coagulation in a low lime process, use of ferric iron as a coagulant
aild for lime processes, and recycling of lime sludge were all found to be
.unsuc:(:essful in treating the low alkalinity Amherst sewage.

Flocculation mixing intensity was found to be less important than
overflow rate in column studies. Other very imporfant process variables
were coagulant dose and pH., Mixing inteﬁsity levels need only be main-
tained sufficiently high to prevent deposition of floc,

Lime floc are more dense than those of alum and thus allow higher
clarifier overflow rates and are less affected by hydraulic fluctuations.
Current clarifier design procedures apparently do not appreciate these

differences.
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Alum floc volume was greater than that of lime under similar
conditions and was found to increase with increasing mixing speed while

lime floc did not. Alum floc is also more difficult to dewater.

Recommendations

Recommendations for future studies and design of wastewater
treatment coagulation facilities can be made from this investigation.

Future studies. Future studies should extent these investigations to

wastewaters of highe.r_a.lkalinity. Many important ditferences will
probably be noticed including lower pH for a given lime dose which,
together with more bicarbonates present, should produce a higher quality
effluent. Higher alkalinity may also allow the use of the low lime process
and encourage the use of ferric iron as a coagulant aid. On the other hand,
the difficulties encountered in this research may not all be due to low
alkalinity and may be caused, at least in part, by other factors which
should be identified.

If further column studies are undertaken to further define the
effect of mixing intensity on pollutant removal, a torque meter should be
used between the gear reducer and the water level. This method of
power measurement, although more expensive, would be considerably
more accurate, particularly at low mixing intensity.

Continuous flow studies should be conducted to verify the conclusions
of this research on waters of varying composition and to determine
scale-up factors for the design of flocculators and clarifiers. One
interesting possibility would be to run parallel processes using lime in

one and alum in the other to evaluate process control for each. During
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these experiments the effect of varying the duration of flocculation
should be investigated since it may be possible to show that, given even
a relatively short time, the effect of varying G values will not affect
pollutant removal,

The methodology and results of this study should be applied to
the coagulations of other colloidal suspensions such as those encountered
in the treatment of drinking water.

Design recommendations. Jar tests should always be conducted using

the method discussed by TeKippe and Ham and used in this research.
Although additional jars must be used and additional analyses run, a
great amount of additional information can be derived and the results
have more validity.

When sewage treatment plants are to be designed which use a
coagulation process, both jar tests and column tests should be conducted
to evaluate the critical parameters. The additional time and expense
will result in a superior design and will be minor compared to the cost
of the plant itself,

If alum is used for coagulation of sewage, an effective pH control
system should be used since alum coagulation is very sensitive to pH
variations.

Assuming that effectiveness and cost are equal, lime coagulation
would be the better choice than alum because of easier process control,
higher clarifier overflow rates, fewer clarifier upsets due to a more
dense floc, and a lesser sludge volume which can be more easily

dewatered.
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TABLE A-]l--Jar Test Results with Aluminum Sulfate [AIZ(SO4)3- 18 HZO]

as Coagulant

Suspended Total Organic Total
Alum Dose Measured Turbidity Solids Carbon Phosphorus

mg /1 pH JTU mg/l mp /1 mg /1
0 3.55 60 68 85 ' -

0 5.2 49 61 84 6.6

0 6.0 46 70 78 " 5.5

0 6.5 45 69 74 6.5

0 6.95 45 82 71 6.5
50 4,35 50 57 7€ 5.1
50 5.25 22 38 59 3.5
50 5.85 51 89 75 6.6
50 6.3 51 89 72 5.4
50 6.7 51 89 76 5.4
75 4.8 30 30 60 3.8
75 5.65 15 16 53 1.6
75 6.1 39 63 67 4.3
100 4.8 35 35 51 3.9
100 - 5.65 8.2 18 52 1.6
100 6.0 19 27 47 2.9
100 6.3 50 71 67 | 4.6
100 7.05 55 83 73 6.0
125 5.55 17 15 43 2.1
125 5.9 7.1 5 42 1.4

125 6.25 14 17 45 2.0
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TABLE A-l--Jar Test Results with Aluminum Sulfate [AIZ(SO4)3- 18 HZO]

as Coagulant (Continued)

Suspended Total Organic Total

Alum Dose Measured Turbidity Solids Carbon Phosphorus
mg/l pH JTU mg /1 mg/1 mg/1
150 5.0 49 72 56 4.5
150 5.0 11 14 40 0.9
150 6.0 11 12 43 0.75
150 6.3 21 22 45 1.6
150 6.6 42 75 53 4.4
175 5.9 8.3 9 41 1.1
175 6.1 16 - 20 41 1.8
175 6.4 20 36 46 2.3
200 5.2 31 47 47 2.6
200 5.75 9.7 12 37 1.1
200 6.65 27 40 49 2.3
200 B.35 28 55 51 . .-
250 5.05 19 26 38 1.4
250 5.75 4.4 12 35° 0.8
250 6.45 15 28 a2 1.3

Raw

Sewage -—- 58 135 115 6.4



TABLE A-2-_-Jar Test Results with Lime (CaO) as Coagulant.
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Suspended Total Organic Total
Lime Dose Measured Turbidity Solids Carbon Phosphorus
mg/1 pH JTU mg/1 mg /] mg /1
0 7.3 44 106 61 5.8
4 7.45 39 86 47 4.2
0 8.86 39 120 52 5.0
0 9.95 42 89 62 4.6
0 12.5 25 95 48 4.6
100 6.75 55 90 44 5.0
100 8.5 45 108 51 1.4
100 9.7 30 79 40 2.4
100 10,4 45 89 49 3.5
100 110.75 51 94 59 2.1
100 11,7 51 103 54 4.2
100 12,45 33 96 40 3.4
200 6.2 60 a1 E5 2.9
200 9.4 33 57 35 1.2
200 10,8 23 61 30 0.9
200 11.75 25 74 41 1.0
200 12.0 21 62 35 1.1
200 12,3 19 56 29 1.0
300 6.75 51 55 47 4.4
300 9,4 24 71 ég 0.4
300 10.95 13 40 24 0.6
300 11.6 26 51 27 0.4
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TABLE A-2-- Jar Test Results with Lime (Ca0O) as Coagulant. (Continued)

Suspended Total Organic Total
Lime Dose Measured Turbidity Solids Carbon Phosphorus

mg/l pH JTU mg /1 mg /1 mg /1
300 12,1 7.9 28 31 0.6
300 12. 4 12 34 25 0.7
400 7.15 41 57 38 4.0
400 9.4 20 38 25 0.5
400 10.0 14 42 23 0.7
400 11.3 7.7 17 19‘ 0.4
400 11.8 7.7 28 20 0.1
400 12,15 6.4 23 28 0.4
500 7.5 22 39 20 2.5
500 9.7 12 33 24 0.4
500 11,0 12 41 21 0.2
500 11.65 12 26 21 0,2
500 11,95 6.2 21 16 0.3
500 12,35 4.0 24 29 0.3
Raw 7.2 62 175 87 5.4

Sewage
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TABLE A-3--Column Test Using Alum: Dose 175 mg/l, pH5.9,
Mixing Speed 5 RPM

Suspended  Total Organic Total
Time Sample Depth Turbidity Solids Carbon Phosphorus
min, feet JTU mg /1 mg /1 mg /1
Initial Value 85 194 100 5.1
5 1 47 241 129 5.4
5 3 91 233 85 6.3
5 5 75 147 84 3.8
5 7 78 156 102 5.0
10 _ 1 76 | 195 117 . 5.6
10 3 65 146 85 4.1
10 5 65 156 98 3.1
10 7 73 143 | B2 3.3
20 | B 40 90 66 1.7
20 3 47 B89 73 2.1
20 5 64 134 93 3.7
20 7 69 114 81 3.2
30 1 1T 26 55 0.5
30 3 22 49 : : 6% 0.8
30 5 32 71 56 1.7
30 7 66 127 . | 78 3.8
45 ! - 11 20 49 0.4
45 3 12 46 60 0.2
45 5 14 21 48 0.2

45 7 22 61 62 - 1.3



TABLE A-4--Column Test Using Alum: Dose 175 mg/l, pH 5.9,
Mixing Speed 15 RPM.
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Suspended Total Organic Total

Time Sample Depth Turbidity Solids Carbon Phosphorus
min. feet JTU mg/l mg /1 mg/1
Initial Value 105 262 . 134 7.2
5 110 282 115 7.5
5 96 230 123 6.6
5 105 252 142 6.7
5 110 286 157 B.0
10 B2 168 97 5.7
10 83 151 63 6.1
10 105 185 93 4.8
10 110 256 114 4.1
20 45 99 67 2.4
20 62 131 88 3.9
20 72 152 87 4.4
20 98 228 129 6.1
30 29 34 66 1.0
30 34 27 65 1.1
30 70 125 90 4.0
30 88 185 108 5.7
45 12 8 62 0.8
45 18 14 56 0.3
45 27 35 69 0.7
45 60 98 86 3.1



TABLE A-5--Column Test Using Alum: Dose 175 mg/l, pH5.9,

Mixing Speed 25 RPM.

Suspendea Total Organic

108

Time Sample Depth Turbidity Solids Carbon PhoTsc;)tl'?;rus
min, feet mg /1 ‘mg/l meg /1
Initial Value 108 276 142 6.7
5 1 105 244 132 6.2
5 3 105 262 135 7.2
5 5 110 304 153 6.8
5 7 110 294 148 6.4
10 1 85 190 124 5.4
10 3 86 194 123 5.7
10 5 105 266 149 8.0
10 7 110 291 134 7.3
20 1 49 76 80 2.9
20 3 | 66 156 100 3.7
20 5 88 186 134 6.7
20 7 105 281 146 3.2
30 1 25 50 76 1.5
30 3 42 91 93 2.2
30 5 64 151 107 3.0
30 7 105 276 136 8.2
45 1 12 11 57 0.6
45 3 21 59 65 1.4
45 5 23 12 68 1.3
45 7 57 70 95 4.4



TABLE A-6--Column Test Using Alum:

Dose 175 mg/l, pH 5,9,

Mixing Speed 40 RPM.,
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Suspended Total Organic Total
Time Sample Depth Turbidity Solids Carbon Phosphorus

min. feet JTU mg/1l mg/l1 mg/1
Initial Value 110 245 140 8.3
5 1 110 224 133 8.7

5 3 110 237 138 7.5

5 5 110 273 140 8.6

5 7 110 245 148 8.3
10 1 96 195 117 7.0
10 3 105 234 126 7.5
10 5 110 277 140 8.5
10 7 110 248 158 8.7
20 1 57 108 98 3.0
20 3 95 208 111 7.8
20 5 110 267 135 8.8
20 7 110 236 148 8.8
30 1 30 42 68 0.8
30 3 46 39 66 1.9
30 5 100 244 132 2.6
30 7 110 230 141 8.9
45 1 15 13 60 0.9
45 3 29 16 62 1.9
45 5 34 36 67 0.4
45 7 105 227 116 7.3
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TABLE A-7--Column Test Using Lime: Dos 300 mg/1; pH 1].8;
Mixing Speed 5 RPM

Suspended Total Organic Total
Time Sample Depth Turbidity Solids Carbon Pho sphorus
min, feet JTU mg/1 mg /1 mg/1
76 257 117 2.0
Initial Values 75 234 105 1.6
77 247 113 2.1

0 1 61 253 93 -

0 3 71 272 88 _——

0 5 82 311 102 -——-

0 7 80 323 104 -
15 i 25 106 71 0.32
15 3 | 29 120 67 0.27
15 5 34 152 69 0.29
15 7 45 176 76 0.61
30 1 17 42 59 0.10
30 3 17 55 60 0.10
30 5 20 68 63 0.13
30 7 23 48 60 0.10
45 1 : 15 52 59 0.18
45 3 15 55 57 0.29
45 5 17 42 58 0.11
45 7 18 60v ‘ £8 0.20
60 1 15 50 59 0.17
60 3 16 56 56 0.13
60 5 16 -- 61 0.19

60 7 17 51 58 0.14



TABLE A-8--Column Test Using Lime: Dose 300 mg/l; pH 11,95;
Mixing Speed 15 RPM.

Suspended Total Organic Total
Time Sample Depth Turbidity Solids Carbon Phosphorus
min, feet JTU mg /1 mg /1 mg /1
75 185 96 4,1
Initial Values 77 213 83 3.6
75 209 92 3.4
0 1 87 266 101 ---
0 3 88 269 .96 e
0 5 88 278 120 -
0 7 91 317 122 .-
15 1 31 107 67 0.56
15 3 35 111 68 0.55
15 5 42 148 76 0.65
15 7 52 168 86 1.03
30 1 21 59 59 0.30
30 3 22 66 61 0.43
30 5 27 84 64 0.38
30 7 30. 95 62 0.38
45 1 20 | 18 59 0.28
45 3 20 18 61 0.23
45 5 21 35 58 0.20
45 7 22 41 58 0.35
60 1 19 20 58 0.30
60 3 19 23 56 0.30
60 5 21 34 59 0.25
60 7 20 34 56 0

.30
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TABLE A-9--Column Test Using Lime: Dose 300 mg/l; pH 11.9;
Mixing Speed 30 RPM.

Suspended Tctal Organic Total

Time Sample Depth Turbidity Solids Carbon Phosphorus
min. feet JTU mg /] mg /1 mg/1
83 198 132 2.4
Initial Values 80 194 T 143 1.1
81 206 152 2.6
0 1 102 377 140 ---
0 3 105 391 159 -
0 5 101 396 155 .-
0 7 102 383 145 -
15 1 38 107 72 0.36
15 3 40 138 80 0.56
15 5 48 144 82 0.88
15 7 88 277 113 2.43
30 ] 12 24 58 0.13
30 3 16 24 59 0.22
30 5 17 30 63 0.12
30 7 20 37 61 0.17
45 1 8.8 8 55 0.09
45 3 10. 0 14 55 0.04
45 5 i1 15 59 0.11
45 7 12 28 58 0.04
60 1 8.3 5 54 0.06
60 3 9.0 9 54 0.04
60 5 9.4 10 54 0.06

60 7 9.5 14 57 0.15
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TABLE A-10--Column Test Using Lime: Dose 300 mg/1l; pH 11,65-11.9
Turbidity Values,

Time Sample Depth Mixing Speed
min, feet 1I0RPM | 20RPM | 40 RPM
77 75 88
Initial Values 75 75 85
76 78 88
0 1 102 106 110
0 3 101 105 114
0 5 110 110 113
0 7 112 111 114
15 1 32 37 62
15 3 34 40 57
15 5 43 48 97
15 7 52 100 111
30 1 14 14 22
30 3 17 17 24"
30 5 18 16 31
30 7 21 22 29
45 | 12 9.1 : 12
45 3 © 12 11 15
45 5 13 12 i5
45 7 14 12 14
60 i 12 8.5 8.9
60 - 3 | 12 8.5 9.1
60 5 12 8.5 9.1

60 7 12 9.0 9.6
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TABLE A-11-Column Test Using Lime: Dose 400 mg/l; pH 11,85;
Mixing Speed 5 RPM

Suspended  Total Organic Total

Time  Sample Depth Turbidity Solids Carbon Phosphorus

min, feet JTU mg/1 mg/1 mg /1

80 227 92 4.9

Initial Values 77 264 118 2.6

. 81 240 105 4.0

0 1 66 266 97 -—--

0 3 66 248 93 . —

0 5 76 280 113 -

0 7 76 280 93 ———
15 1 18 111 66 0.35
15 3 23 134 67 0.48
15 5 26 133 08 0.87
15 7 34 156 73 0.64
30 1 12 46 62 0.28
30 3 12 42 61 0.18
30 5 13 60 55 0.37
30 7 19 65 63 0. 38
45 1 12 29 62 0.13
45 3 12 39 69 0.30

45 5 12 39 60 0.1
45 7 15 35 57 0.23
60 1 11 16 60 0.25
60 3 11 31 61 | 0.19

60 5 ‘11 23 60 0.1

60 7 2 33 50 0.1
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TABLE A-12--Column Test Using Lime: Dose 400 mg/1; pH 11, 85;
Mixing Speed 15 RPM,

Suspended Total Organic Total
Time Sample Depth Turbidity Solids Carbon Phosphorus

min, feet JTU mg/1 mg /1 mg/1
75 237 166 3.7

Initial Values 73 205 125 3.3
71 243 111 2.4

¢ 1 82 321 128 _——

0 3 g2 333 122 ———

0 5 85 351 125 ---

0 7 B4 386 131 .-
15 1 24 109 75 0.15
15 3 25 126 B84 0.6
15 5 31 106 ' 86 1.3
15 7 72 284 105 1.4
30 1 5.4 60 65 0.18
30 3 9.1 61 65 0.23
30 5 11 63 62 0.18
30 7 16 85 67 0.23
45 1 6.5 39 61 0.18
45 3 7.0 46 61 0.20
45 5 7.9 54 61 0.18
45 7 11 61 62 0.25
60 1 6.1 53 60 0.18
60 3 6.5 41 b2 0.20
60 5 6.6 42 60 0.20

60 7 7.3 35 61 0.35
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TABLE A-13--Column Test Using Lime: Dose 400 mg/1; pH 12.1;
Mixing Speed 30 RPM

Suspended Total Organic Total
Time . Sample Depth Turbidity Solids - Carbon Phosphorus

min. feet JTU mg/1 mg/1 mg/1

67 188 115 1.2

Initial Values 65 180 102 2.5

68 186 107 1.4

0 1 87 301 119 -

0 3. 88 317 110 -

0 5 87 326 119 .-

0 7 : 87 342 113 -
15 1 27 87 6z 0. 46
15 3 30 102 65 0.47

15 5 38 154 69 1.1
15 7 72 259 95 1.4
30 1 7.8 51 54 0.06
30 3 11 57 56 0.05
30 5 14 64 55 0.12
30 7 16 66 56 0.10
45 1 7.0 | 47 54 0.08
45 3 6.0 32 53 0.02
45 5 7.2 44 52 0.04
45 7 9.8 55 55 0.08
60 1 5.1 21 55 0.03
60 3 . 5.9 8 55 0.03
60 5 6.0 .30 54 0.02

60 7 6.9 40 52 0.02
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TABLE A-14--Column Test Using Lime: Dose 40 mg/l; pH 11.8-12,0;
Turbidity Values

Time S.ample Depth Mixing Speed
min. feet 10 RPM | 20 RPM | 40 RPM
62 71 87
Initial Values 63 76 88
65 72 87
0 1 72 . 98 104
0 3 77 99 106
0 ' 5 87 99 104
0 7 90 105 104
15 1 17 31 49
15 3 28 38 55
15 5 28 39 60
15 7 39 63 100
30 1 5.9 7.6 12
30 3 7.3 9.3 16
30 5 8. 4 9.9 17
31 7 ) 8.9 14 22
45 T 5.2 6,1 7.7
45 3 5.4 6.5 7.5
45 5 5.4 6.8 8.6
45 7 6.2 7.1 8.5
60 1 3.7 | 5.6 7.0
60 3 3.9 5.7 7.1
60 5 4.0 5.9 6.8

60 7 3.9 5.9 7.3
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